INTRODUCTION
============

Early endosomes are multifunctional organelles that regulate membrane transport between the plasma membrane and various intracellular compartments ([@B29]). After arrival at early endosomes, endocytosed solutes, membrane proteins, and lipids are either returned to the plasma membrane, as in the case of recycling receptors and bulk membrane constituents, or are transported to late endosomes and lysosomes for degradation. Another transport route connects early endosomes to the *trans*-Golgi network (TGN). From early endosomes, recycling components can return directly to the plasma membrane (the fast recycling route) or can return through perinuclear recycling endosomes (the slow recycling route) ([@B16]; [@B48]; [@B38]; [@B28]; [@B12]).

Rab proteins form the largest group within the Ras superfamily of small GTPases, which function as molecular switches by cycling between their inactive GDP--bound and active GTP--bound forms ([@B33]; [@B50]; [@B34]). Human cells express more than 60 different Rab GTPases that regulate intracellular trafficking and maintain organellar identity by controlling budding, transport, tethering, docking, and fusion of vesicular intermediates. Thus, Rab GTPases oversee the vectorial transport of proteins and membranes between organelles ([@B50]).

Endosomal Rab proteins (such as Rabs 4, 5, 7, 9, and 11) are best characterized by their localization and functional interactions with effector proteins. Several Rab effectors have been identified, including Rabaptin-4 and -5, Rabenosyn, and Rabip4/RUFY1 for Rab4 ([@B47]; [@B30]; [@B5]; [@B49]); Rabaptin-5, Rabex, Rabenosyn, EEA1, phosphoinositide 3-kinases (PI3K), and phosphoinositide phosphatases for Rab5 ([@B17]; [@B11]; [@B3],[@B4]; [@B31]; [@B42]); and FIP family members for Rab11 ([@B13]; [@B35]; [@B25]; [@B40]). Rab5 plays important roles in clathrin-mediated endocytosis and in homotypic endosome--endosome fusion ([@B10]; [@B2]). Rab4 and Rab11 regulate recycling of receptors from early endosomes to the cell surface via distinct pathways. Rab4 functions at the level of early sorting endosomes ([@B46]; [@B6]; [@B39]; [@B7]), and Rab11 is involved in the trafficking of cargo through perinuclear recycling endosomes ([@B45]; [@B37]). Rab7 and Rab9 are associated with trafficking to late endosomes and the TGN, respectively ([@B8]; [@B1]).

Rab14 localizes to the Golgi complex and endosomes and participates in membrane trafficking between the Golgi and endosomes ([@B21]; [@B36]). Rab14 also plays a role in the fusion between early endosomes and phagosomes during phagocytosis, and in lysosomal fusion in *Dictyostelium* ([@B14]; [@B24]). Despite accumulating data on Rab14 functions, the molecular mechanisms underlying cargo sorting and membrane recycling on endosomes regulated by Rab14, as well as its functional relationship with other endosomal Rab proteins, are largely unknown.

Here, we report that Rab14 engages in a GTP-dependent interaction with RUFY1 (the human counterpart of mouse Rabip4), which had been originally identified as a Rab4 effector. Furthermore, we show lines of evidence indicating that Rab14 regulates RUFY1 recruitment onto endosomal membranes, and Rab4 in turn allows endosomal fusion.

MATERIALS AND METHODS
=====================

Plasmids
--------

The entire coding sequences of human Rab14, Rab7, Rab2, Rab4b, Rab8, Rab10, Rab11, and RUFY1 cDNAs were obtained by PCR amplification of human liver cDNA libraries (Invitrogen, Carlsbad, CA), and cloned into N-terminally hemagglutinin (HA)-tagged pcDNA3, pEGFP-C1 (Invitrogen), and N-terminally mCherry-tagged pcDNA3 vector (a fragment encoding mCherry amplified by polymerase chain reaction from pcDNA3.1-mCherry-α-tubulin construct which was kindly provided by Roger Tsien \[University of California-San Diego\]). Rab14(Q70L) and Rab14(S25N) mutants were generated by site-directed mutagenesis (QuickChange Site-Directed Mutagenesis, Stratagene, La Jolla, CA) and cloned into pGEX-6P-1 vector (GE Healthcare Bioscience, Piscataway, NJ), N-terminally HA tagged pcDNA3, and pEGFP-C1. Rab2(Q65L), Rab6(Q72L), Rab7(Q67L), Rab8(Q67L), Rab10(Q68L) and Rab11(Q70L) mutants were generated by site-directed mutagenesis (QuickChange Site-Directed Mutagenesis, Stratagene) and cloned into vector pGEX-6P-1 (GE Healthcare Bioscience). EGFP-Rab4 was generated by in-frame cloning of human Rab4 cDNAs ([@B41]) into vector pEGFP-C1. Rab4(Q67L) ([@B41]) was subcloned into vector pGEX-6P-1. A EGFP-Rab5 construct was kindly provided by Marino Zerial (Max Planck Institute, Dresden, Germany). Deletions of RUFY1 (residues 1-420, residues 1-506, or residues 507-600) were obtained by a PCR-based strategy. A deletion of 11 amino acids (residues 507-517) of RUFY1 was generated by PCR-based mutagenesis. These deletion mutants were cloned into vector pEGFP-C1. The construction of GST-Rab5(Q79L) and GST-Rab11(Q70L) was described previously ([@B41], [@B40]). For yeast two-hybrid analyses, RUFY1 was cloned into vector pGADT7 (Clontech, Mountain View, CA). Full-length Rab2(Q65L) and Rab mutants lacking the C-terminal three or four amino acids \[Rab4(Q67L), Rab5(Q79L), Rab6(Q72L), Rab7(Q67L), Rab8(Q67L), Rab10(Q68L), Rab11(Q70L), Rab14(Q70L), Rab14(WT), and Rab14(S25N)\] were cloned into vector pGBKT7 (Clontech).

Antibodies and Reagents
-----------------------

Polyclonal rabbit antibodies were raised against the human Rab14 C-terminus (residues 165-211). For the immunogen, GST-fused C-terminus of Rab14 recombinant proteins was expressed and purified from Escherichia coli BL21(DE3)-Codon Plus (Invitrogen), cleaved with PreScission (GE Healthcare), and conjugated with keyhole limpet hemocyanin (Pierce, Rockford, IL). Rabbit serum against Rab14 was affinity-purified using GST-fused Rab14 C-terminus protein immobilized on Sulfolink beads (Pierce). The mouse monoclonal antibodies used in this study are anti-EEA1 (clone 14), anti-Lamp-1 (H4B3), anti-Rab4 (clone 7), and anti-Rab5 (clone 1; BD Biosciences); anti-transferrin receptor (TfnR; H68.4; Zymed, South San Francisco, CA); anti-GFP (JL-8; Molecular Probes, Eugene, OR); anti-red fluorescent protein (RFP; 3G5; MBL International, San Diego, CA); and anti-LBPA (kind gift from Kobayashi Toshihide, RIKEN, Wako, Japan). The mouse polyclonal anti-RUFY1 antiserum, the rabbit polyclonal anti-red fluorescent protein (RFP), and the rat monoclonal anti-HA (3F10) antibody were purchased from Abnova (Taipei City, Taiwan), MBL International, and Roche Diagnostics (Alameda, CA), respectively. Secondary antibodies (AlexaFluor488-, 555-, or 647-conjugated anti-rabbit or anti-mouse) were purchased from Molecular Probes. Secondary antibodies (Cy3-conjugated anti-rat and peroxidase-conjugated anti-mouse or anti-rabbit) were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).

Yeast Two-Hybrid Analysis
-------------------------

Yeast transformation, two-hybrid screening and assays were performed using the MATCHMAKER two-hybrid system (Clontech, Palo Alto, CA). The yeast AH109 cells were transformed using lithium acetate--based method with pGBKT7-Rab14(Q70L) lacking the C-terminal four amino acids and grown on synthetic medium lacking tryptophan. The transformant was then mated with Y187 cells transformed with a MATCHMAKER HeLa cDNA library (Clontech). The mated cells were plated on synthetic medium lacking tryptophan, leucine, and histidine and containing 5 mM 3-aminotriazole. After 5 d of incubation, library plasmids from colonies were rescued into E. coli DH5α. For interaction analysis, cotransformed AH109 with RUFY1 and several Rab proteins were plated on synthetic medium lacking tryptophan, leucine, histidine, and adenine.

Cell Culture, RNA Interference Suppression, Tfn Uptake, and Immunofluorescence Analysis
---------------------------------------------------------------------------------------

HeLa cells were cultured in minimal essential medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Knockdown of Rab14, Rab4, or RUFY1 were performed as described previously ([@B20], [@B19]). Briefly, pools of small interfering RNAs (siRNAs) directed at the mRNA regions covering nucleotide residues 1-648 of Rab14, 1-657 of Rab4a, 1-658 of Rab4b, and 637-1518 of RUFY1 (when the A residue of the initiation Met codon is assigned as residue 1) were prepared using BLCK-iT RNA interference (RNAi) TOP Transcription kit and a BLOCK-iT Dicer RNAi kit (Invitrogen). siRNA oligonucleotide was synthesized by Dharmacon (Boulder, CO); CAACUACUCUUACAUCUUU for Rab14 ([@B24]). Control siRNA was also purchased from Dharmacon. Cells were transfected with siRNAs using Lipofectamine 2000 (Invitrogen) and incubated for 24 h. The transfected cells were then transferred to a culture dish containing coverslips, further incubated for 48 h, and processed for immunofluorescence and immunoblot analyses as described previously ([@B44]; [@B19]; [@B32]). For cytosol extraction, cells were treated with 0.05% saponin in microtubule-stabilizing buffer (80 mM PIPES, pH 6.8, 1 mM MgCl~2~, 5 mM EGTA) for 5 min at room temperature before fixation. For detection of endogenous RUFY1 using mouse polyclonal anti-RUFY1 antibody, cells were fixed and permeabilized with methanol for 5 min at −20°C. For detection of endogenous Rab14 using the rabbit polyclonal anti-Rab14 antibody that we raised for this study, cells were fixed with 3% paraformaldehyde and incubated with the antibody in 0.05% saponin for 1 h at room temperature. For detection of both endogenous RUFY1 and Rab14, cells were treated with 0.05% saponin in microtubule-stabilizing buffer before fixation with 3% paraformaldehyde and incubated with the antibodies in 0.05% saponin for 1 h at room temperature.

Tfn internalization and recycling assays were carried out using protocols modified from those reported by [@B43]. HeLa cells were transfected with a pool of siRNAs for LacZ as a control or treated with siRNAs for Rab14, RUFY1, and Rab4a and Rab4b. At 72 h after transfection, cells were serum-starved for 4 h in MEM medium containing 0.2% BSA and then incubated with AlexaFluor488-conjugated Tfn (Molecular Probes) at 37°C for 5 min. After cells were washed with acid (0.5% acetic acid, 0.5 M NaCl, pH 3.0) on ice, cells were incubated in medium containing unlabeled holo-Tfn for indicated times at 37°C and processed for immunofluorescence analysis. To analyze the amount of surface-bound Tfn, HeLa cells were prepared as described above and incubated with AlexaFluor488-conjugated Tfn at 4°C for 50 min. After cells washed with ice-cold phosphate-buffered saline (PBS), cells were incubated in medium without labeled Tfn for indicated times at 37°C and processed for immunofluorescence analysis. The fluorescence intensity of Tfn was quantified using the IP-Lab 4.0 software (Solution Systems, Funabashi, Japan). The total intensity and extracted bright segments number were normalized against total counted cells. Immunofluorescence analysis was performed using Axiovert 200 MAT microscope (Carl Zeiss, Thornwood, NY) for epifluorescence images and using an LSM Pascal microscope (Carl Zeiss) and FV1000 microscope (Olympus, Melville, NY) for confocal images. Deconvolution analysis was performed using an AxioVision deconvolution software (Carl Zeiss).

Pulldown Assay
--------------

The QL and SN mutants of Rab proteins fused to the C-terminus of glutathione *S*-transferase (GST) were expressed in E. coli BL21-Codon Plus(DE3) (Stratagene) cells by treatment of 0.1 mM IPTG for 3 h at 30°C and purified using glutathione-Sepharose4B beads (GE Healthcare). Nucleotide loading onto GST-fused Rab proteins was performed as previously described ([@B3]). HeLa cells were transfected with an expression vector for N-terminally enhanced green fluorescent protein (EGFP)-tagged full-length or truncation mutant of RUFY1. The cells were then lysed in cell lysis buffer (20 mM HEPES, pH 7.4, 0.1 M NaCl, 5 mM MgCl~2~, 1% Triton X-100, 1 mM DTT) containing Complete, EDTA-free protease inhibitor mixture (Roche Diagnostics) and centrifuged at maximum speed in a microcentrifuge for 20 min at 4°C. The supernatant was precleared with glutathione-Sepharose 4B beads and then incubated with the GST-Rabs (50 μg) with prebound to glutathione-Sepharose4B beads in the presence of 100 μM GDP or GTPγS. Beads were washed six times with the lysis buffer containing 0.25% Triton X-100 instead of 1% Triton X-100 supplemented with 10 μM GDP or GTPγS. Bound materials were eluted by boiling in an SDS-PAGE sample buffer and resolved on a SDS-polyacrylamide gel and subjected to Western blot analysis.

Immunoprecipitation
-------------------

HeLa cells were transfected with expression vectors for N-terminally EGFP-tagged full-length of RUFY1 and either N-terminally mCherry-tagged Rab14 (Q70L) or mCherry alone. The cells were then lysed in IP buffer (20 mM HEPES, pH 7.4, 0.1 M NaCl, 5 mM MgCl~2~, 1% NP-40, 10% glycerol) containing Complete, EDTA-free protease inhibitor mixture (Roche Diagnostics), and 200 μM GTPγS and centrifuged at maximum speed in a microcentrifuge for 20 min at 4°C. The supernatant was precleared with Dynabeads-protein G and then incubated with the mouse monoclonal anti-RFP antibody (3G5) for 4 h at 4°C. The lysate were then incubated with Dynabeads-protein G for additional 2 h at 4°C. Beads were washed eight times with IP buffer supplemented with 50 μM GTPγS. Bound materials were eluted by boiling in an SDS-PAGE sample buffer and resolved on a SDS-polyacrylamide gel and subjected to Western blot analysis using rabbit polyclonal anti-RFP and mouse monoclonal anti-GFP antibodies.

RESULTS
=======

GTP-dependent Interaction of Rab14 and Rab4 with RUFY1/Rabip4
-------------------------------------------------------------

Rab14 localizes to the Golgi complex and endosomes ([@B21]; [@B36]; [@B23]; also see supplementary results and Supplementary Figures S1 and S2), but its cellular functions are poorly understood. To better understand the molecular machinery involving Rab14, we performed a yeast two-hybrid screening to identify Rab14-binding proteins. Among the positive clones obtained by screening a HeLa cell library using a GTP-locked mutant of Rab14, Rab14(Q70L), as bait, we focused on RUFY1, the human counterpart of mouse Rabip4, which had been originally identified as a Rab4 effector ([@B5]; [@B49]).

In the yeast two-hybrid assay, RUFY1 interacted with Rab14(Q70L) as well as with a GTP-locked mutant (Q67L) of Rab4, but not with wild type (WT) or a GDP-bound form (S25N) of Rab14 ([Figure 1](#F1){ref-type="fig"}A). RUFY1 did not interact with the GTP-bound forms of other Rab proteins tested, including Rab2, Rab5, Rab6, Rab7, Rab8, Rab10, and Rab11 ([Figure 1](#F1){ref-type="fig"}B), demonstrating that the interactions of RUFY1 with Rab14 and Rab4 are specific.

![Interaction of RUFY1 with Rab14 or Rab4. Yeast (AH109) transformants expressing the indicated combination of constructs were streaked (A) or spotted (B) onto plates lacking leucine and tryptophan, with or without histidine and adenine (+His, +Ade or −His, −Ade). (C and D) Pulldown assays for interaction of RUFY1 with Rab proteins. Lysates from HeLa cells transiently transfected with the EGFP-RUFY1 construct indicated were pulled down with the indicated GST-fusion protein. Bound proteins were subjected to SDS-PAGE and analyzed by immunoblotting using anti-GFP antibody. (E) HeLa cells expressing EGFP-tagged RUFY1 and either mCherry-tagged Rab14(Q70L) or mCherry were lysed and immunoprecipitated with anti-RFP antibody. Bound materials were subjected to SDS-PAGE and analyzed by immunoblotting using anti-RFP or anti-GFP antibody. (F) HeLa cells expressing HA-tagged Rab14(WT), Rab14(Q70L), Rab4(WT), or Rab4(Q67L) were fixed with methanol and doubly stained with anti-RUFY1 and anti-HA (3F10) antibodies. RUN domain (for RPIP8, UNC-14, and NESCA); cc, coiled-coil region; FYVE domain (for Fab1p, YOTB, Vac1p, and EEA1). Bar, 20 μm.](zmk0151095340001){#F1}

Next, we confirmed these interactions biochemically using a GST pulldown assay ([Figure 1](#F1){ref-type="fig"}C). A GST-fused recombinant protein of each Rab mutant was immobilized on glutathione-Sepharose beads, charged with either GTPγS or GDP, and incubated with HeLa cell lysates expressing EGFP-tagged RUFY1. Consistent with the yeast two-hybrid data, RUFY1 was efficiently pulled down with Rab14(Q70L) and Rab4(Q67L), but not significantly with Rab14(S25N) or a GTP-bound form of Rab5 or Rab11. Moreover, EGFP-tagged RUFY1 was coimmunoprecipitated with mCherry-tagged Rab14(Q70L) but not with mCherry alone ([Figure 1](#F1){ref-type="fig"}E), supporting the interaction between Rab14 and RUFY1 in vivo.

Rab14 and Rab4 Interact with Distinct Regions of RUFY1
------------------------------------------------------

We next asked whether the binding regions of RUFY1 for Rab14 and Rab4 are overlapping or separated. To this end, deletion mutants of RUFY1 were constructed ([Figure 1](#F1){ref-type="fig"}D, right) and subjected to pulldown assays with GST-Rab14(Q70L) or -Rab4(Q67L) (left). Full-length RUFY1 was pulled down with both Rab14(Q70L) and Rab4(Q67L). In contrast, RUFY1(1-506) and RUFY1(Δ507-517), both of which lack a minimal Rab4-binding region determined in a previous study ([@B5]; [Figure 1](#F1){ref-type="fig"}D, black area in right side), were pulled down with Rab14(Q70L) but not Rab4(Q67L) ([Figure 1](#F1){ref-type="fig"}D), indicating that the minimal Rab4-binding region is not necessary to interact with Rab14. When RUFY1 was further truncated from the C-terminus \[RUFY1(1-420)\], the truncation mutant could not bind to either Rab14 or Rab4, indicating that RUFY1 interaction with Rab14 requires at least the region encompassing residues 421-506. Therefore, we conclude that the regions of RUFY1 essential for binding to Rab14 and Rab4 are separated.

Colocalization of RUFY1 with Rab14 on Endosomes
-----------------------------------------------

We next compared the intracellular localization of Rab14 and RUFY1. HeLa cells transfected with an expression plasmid encoding HA-tagged Rab14(WT), Rab14(Q70L), Rab4(WT), or Rab4(Q67L) were immunostained for HA and endogenous RUFY1 and examined by confocal microscopy. We observed significant colocalization of endogenous RUFY1 with HA-Rab14(WT), HA-Rab14(Q70L), HA-Rab4(WT), and HA-Rab4(Q67L) on punctate endosomal structures ([Figure 1](#F1){ref-type="fig"}E). Thus, RUFY1 interacts in a GTP-dependent manner with Rab14 as well as Rab4, and colocalizes with Rab14 and Rab4 on endosomes.

Localization of Rab4 and Rab14 Are Largely Overlapped
-----------------------------------------------------

We next compared the intracellular localization of Rab14 with that of other endosomal Rab proteins, including early endosomal Rab5 and Rab4, late endosomal Rab7, and recycling endosomal Rab11. To this end, we coexpressed HA-tagged Rab14 and EGFP-tagged endosomal Rabs and quantified the overlap between Rab14 and each Rab protein ([Figure 2](#F2){ref-type="fig"}). Rab14 was colocalized well with Rab4 on the peripheral endosomes and partially colocalized with Rab5 ([Figure 2](#F2){ref-type="fig"}A, arrows); however, it was poorly colocalized with Rab7 and Rab11 in the cell periphery ([Figure 2](#F2){ref-type="fig"}A, arrowheads).

![Overlap of endosomes positive for Rab14 and Rab4. (A) HeLa cells were transiently cotransfected with HA-Rab14 and either EGFP-Rab4, EGFP-Rab5, EGFP-Rab7, or EGFP-Rab11, and processed for immunofluorescence microscopy. Arrows indicate endosomes with overlapping staining for Rab14 and another Rab protein. Green arrowheads, Rab5-, Rab7-, or Rab11-positive endosomes; and red arrowheads, Rab14-positive endosomes. To quantify colocalization, peripheral Rab14-positive endosomes (B) or peripheral endosomes positive for the Rab protein indicated (C) were used as reference. The quantification is based on two independent experiments, using 200--400 endosomes in 6--10 transfected cells. Bar, 20 μm.](zmk0151095340002){#F2}

We express this colocalization in two ways: as a percentage of each type of Rab-positive endosome also positive for Rab14 ([Figure 2](#F2){ref-type="fig"}B) or as the percentage of Rab14-positive endosomes also positive for each of the other Rab proteins ([Figure 2](#F2){ref-type="fig"}C). More than 90% of Rab4-positive endosomes and ∼50% of Rab5-positive endosomes were positive for Rab14 ([Figure 2](#F2){ref-type="fig"}B). In considerable contrast, only ∼20 and ∼10% of endosomes harboring Rab7 and Rab11, respectively, were positive for Rab14. Reciprocally, ∼70% of Rab14-positive endosomes were positive for Rab5 or Rab4 ([Figure 2](#F2){ref-type="fig"}C). These observations suggest that most Rab4-positive endosomes contain Rab14 and that some population of Rab14-positive endosomes lacks Rab4. Although we cannot exclude the possibility for the overestimation of colocalization among Rabs because of their exogenous expression, we conclude that Rab14 colocalizes primarily with Rab4, but shows rather broader distribution on early endosomes.

RUFY1 Association with Endosomal Membranes Requires Rab14
---------------------------------------------------------

Membrane recruitment of RUFY1 does not require binding to Rab4, even though it localizes to Rab4-positive early endosomes ([@B5]). We were therefore interested in investigating whether Rab14 is required for RUFY1 recruitment onto endosomes. For this purpose, we knocked down Rab14 or Rab4 expression in HeLa cells by RNAi, using pools of siRNAs (see *Materials and Methods*). Specific and efficient knockdown of Rab14 and Rab4 was confirmed by immunoblotting ([Figure 3](#F3){ref-type="fig"}A) and immunofluorescence analyses ([Figure 3](#F3){ref-type="fig"}B); we could not examine depletion of Rab4 by immunofluorescence analysis, because available antibodies did not work well in immunofluorescence. Endogenous RUFY1 was colocalized on endosomes with endogenous Rab14 ([Figure 3](#F3){ref-type="fig"}B) as well as plasmid-expressed Rab14 ([Figure 1](#F1){ref-type="fig"}F).

![Depletion of Rab14, but not Rab4, abolishes endosomal localization of RUFY1. HeLa cells were treated with a pool of siRNAs for LacZ, Rab14 or both Rab4a and Rab4b. After 72 h, the cells were lysed to be processed for immunoblot analysis using antibodies to indicated proteins (A) or fixed with 3% PFA, permeabilized, and immunostained for Rab14 (B). The siRNA-treated cells were permeabilized with saponin before fixation with PFA and immunostained for Rab14 and RUFY1 using rabbit polyclonal anti-Rab14 and mouse polyclonal anti-RUFY1 antibodies. (C) The number of cells in which RUFY1 localized to endosomes was counted and normalized with total counted cell numbers. The graph is a representative of four independent experiments. (D) HeLa cells treated with siRNAs for Rab14 were transfected with a plasmid encoding HA-Rab14, fixed, and immunostained with anti-RUFY1 and anti-HA antibodies. Bars, 20 μm.](zmk0151095340003){#F3}

As shown in [Figure 3](#F3){ref-type="fig"}, B and C, knockdown of Rab14 by the siRNA pool abolished RUFY1 localization on endosomes, even though the knockdown did not alter the RUFY1 protein level ([Figure 3](#F3){ref-type="fig"}A). The endosomal localization of RUFY1 was rescued by overexpression of HA-tagged Rab14 ([Figure 3](#F3){ref-type="fig"}D). Furthermore, essentially the same RUFY1 redistribution was observed in cells treated with a double-stranded oligonucleotide siRNA for Rab14 (Supplementary Figure S3, A and B), instead of the siRNA pool. These observations confirm that the RUFY1 redistribution resulted from specific depletion of Rab14 and not from an off-target effect. In contrast, knockdown of Rab4 did not significantly affect the endosomal localization of RUFY1; this is in line with a previous report showing that a RUFY1 construct lacking the Rab4-binding region, RUFY1(Δ507-517), retained its ability to associate with endosomes ([@B5]; also see [Figure 7](#F7){ref-type="fig"}A).

Despite considerable effects on the RUFY1 localization, Rab14 knockdown did not significantly affect the localization of EEA1 (an early endosomal marker), TfnR (an early/recycling endosomal membrane protein), Lamp-1 (a transmembrane protein of late endosomes/lysosomes), or golgin-245 (a TGN marker; Supplementary Figure S3C), indicating that the endosomal and TGN structures themselves are intact under the Rab14-depleted conditions. Therefore, it is likely that RUFY1 was dissociated from endosomal membranes when Rab14 was depleted.

Coexpression of Either Rab14 or Rab4 and RUFY1 Induces Enlargement of Endosomes
-------------------------------------------------------------------------------

In the course of the cotransfection experiments, we noticed that coexpression of RUFY1 and Rab14 induces expansion of endosomes ([Figure 4](#F4){ref-type="fig"}B, a--a″), compared with single expression; the expression of RUFY1, Rab14, Rab4, or Rab5 alone did not cause significant increase in the endosomal size ([Figure 4](#F4){ref-type="fig"}A). Coexpression of RUFY1 and Rab4 also induced expansion of endosomes ([Figure 4](#F4){ref-type="fig"}B, b--b″), but coexpression of RUFY1 and either Rab5 or Rab11 did not ([Figure 4](#F4){ref-type="fig"}B, c--c″ and data not shown). These results are consistent with the previous report showing the enlargement of endosomes by coexpression of Rab4(Q67L) and RUFY1 in CHO cells ([@B5]). To characterize the enlarged endosomes, we stained cells coexpressing RUFY1 and either Rab14 or Rab4 for several endosomal markers, including early endosomal EEA1, early/recycling endosomal TfnR, and late endosomal Lamp-1 ([Figure 5](#F5){ref-type="fig"}, A and B). The enlarged endosomes colocalize almost completely with EEA1 and partially with TfnR, but not with Lamp-1, indicating that these endosomes are derived primarily from early endosomes.

![Coexpression of RUFY1 and either Rab14 or Rab4 induces expansion of endosomes. (A) HeLa cells were transfected with a plasmid encoding HA-RUFY1, EGFP-Rab14, EGFP-Rab4, or EGFP-Rab5. In (a), the cells were stained with antibody to HA. (B) HeLa cells were cotransfected with plasmids encoding HA-RUFY1 and either EGFP-Rab14 (a), EGFP-Rab4 (b), or EGFP-Rab5 (c), and stained with anti-HA antibody. Bars, 20 μm.](zmk0151095340004){#F4}

![The enlarged endosomes are derived from early endosomes. HeLa cells cotransfected with plasmids encoding EGFP-RUFY1 and HA-Rab14 (A) or HA-Rab4 (B) were stained with anti-EEA1, anti-TfnR, or anti-Lamp-1 antibody. \*, transfected cells; +, nontransfected cells. Bars, 20 μm.](zmk0151095340005){#F5}

By deconvolution analysis, we often found grape-like clusters of endosomes in cells coexpressing RUFY1 and either Rab14 or Rab4 ([Figure 6](#F6){ref-type="fig"}, A, b and c, and B, b and c). Moreover, RUFY1 and Rab4 coexpression sometimes induced vacuole-like endosomes in addition to grape-like ones ([Figure 6](#F6){ref-type="fig"}B, d and e). Therefore, Rab14 and Rab4 may cooperatively participate in endosomal tethering and fusion through their interactions with RUFY1.

![Deconvolution analysis of the enlarged endosomes. HeLa cells were cotransfected with plasmids encoding EGFP-RUFY1 and HA-Rab14 (A) or HA-Rab4 (B) and doubly stained with anti-HA and anti-EEA1 antibodies. (Ab, Bb and Bd) Deconvolved images of the boxed areas in Aa and Ba (two different areas, \* and +, were analyzed) using Carl Zeiss AxioVision software. (Ac, Bc and Be) Digital magnification of the boxed areas in Ab, Bb and Bd, respectively. Bar, 20 μm.](zmk0151095340006){#F6}

RUFY1(Δ507-517) Does Not Induce Endosomal Enlargement
-----------------------------------------------------

EGFP-RUFY1 and EGFP-RUFY1(Δ507-517) were present on punctate structures throughout the cytoplasm that were partially colocalized with EEA1, indicating their association with early endosomes. Consistent with a previous report ([@B5]), EGFP-RUFY1-positive endosomes were larger in size than EGFP-RUFY1(Δ507-517)-positive endosomes ([Figure 7](#F7){ref-type="fig"}A), suggesting that, probably through interacting with endogenous Rab4, exogenously expressed RUFY1 allows enlargement of endosomes. We therefore asked whether interaction of RUFY1 with Rab4 is required for the endosomal expansion that is induced by coexpression of RUFY1 and Rab14 or Rab4 ([Figure 4](#F4){ref-type="fig"}B). In stark contrast to RUFY1, coexpression of RUFY1(Δ507-517) with either Rab4 or Rab 14 failed to induce the expansion of endosomes ([Figure 7](#F7){ref-type="fig"}, B and C), suggesting that the expansion of endosomes requires the RUFY1 interaction with Rab4.

![Coexpression of RUFY1(Δ507-517) and either Rab14 or Rab4 does not induce expansion of early endosomes. (A) HeLa cells transfected with a plasmid encoding EGFP-RUFY1 or EGFP-RUFY1(Δ507-517) were stained with anti-EEA1 antibody. (B and C) HeLa cells were cotransfected with a combination of plasmids encoding either EGFP-RUFY1 or EGFP-RUFY1(Δ507-517) and either HA-Rab14 (B) or HA-Rab4 (C), and stained with anti-HA antibody. Bar, 20 μm.](zmk0151095340007){#F7}

Rab14 and RUFY1 Are Required for Efficient Tfn Recycling
--------------------------------------------------------

Given that Rab4 plays a role in fast recycling of Tfn from early endosomes back to the plasma membrane ([@B46]; [@B39]), we asked whether Rab14 and RUFY1 are involved in the Tfn recycling route. First, we examined the involvement of Rab14 and RUFY1 in the Tfn endocytosis. HeLa cells treated with siRNA for Rab14, Rab4, or RUFY1 (see Supplementary Results and Supplementary Figure S4) were incubated with fluorescently labeled Tfn for 50 min at 4°C and then allowed to internalize Tfn at 37°C for indicated times (Supplementary Figure S5, A and B). Neither the amount of cell surface-bound Tfn (0 min) nor internalized Tfn at early time points (2 and 5 min) was significantly affected. Next, we examined the involvement of Rab14 and RUFY1 in the Tfn recycling pathway. HeLa cells treated with siRNA for Rab14, Rab4, or RUFY1 were allowed to internalize fluorescently labeled Tfn for 5 min at 37°C, under conditions in which internalized Tfn primarily reaches early endosomes but not perinuclear recycling endosomes. After acid washing of the cells to remove surface-bound Tfn, the labeled Tfn was chased by nonlabeled Tfn for the indicated times ([Figure 8](#F8){ref-type="fig"}). Internalization of Tfn was not significantly affected by depletion of Rab14, Rab4, or RUFY1 ([Figure 8](#F8){ref-type="fig"}, 0 min, and Supplementary Figure S5, A and B). After a 10-min chase, the Tfn signals were markedly decreased in control cells by virtue of active Tfn recycling, probably from early endosomes. In considerable contrast, a significant level of Tfn signals remained inside cells depleted of Rab14, Rab4, or RUFY1 ([Figure 8](#F8){ref-type="fig"}A). After a 30-min chase, however, the Tfn signals almost completely disappeared in all of the depleted cells. Quantification of the Tfn signal intensity within the cells revealed that the level of residual Tfn signals after a 10-min chase approximately doubled in cells depleted of Rab14 or RUFY1 and increased to a lesser extent in Rab4-depleted cells ([Figure 8](#F8){ref-type="fig"}B). These results together suggest that Rab14 and RUFY1 are not required for internalization, but are required for efficient recycling of Tfn to the cell surface, probably from early endosomes.

![Rab14 and RUFY1 are required for the efficient Tfn recycling. (A) HeLa cells treated with a pool of siRNAs for LacZ, Rab14, both Rab4a and Rab4b, or RUFY1 were incubated with AlexaFluor488-conjugated Tfn at 37°C for 5 min to internalize Tfn, acid-washed on ice to remove surface-bound Tfn, and further incubated at 37°C for indicated times to allow its transport and recycling to the cell surface. Bar, 20 μm. (B) Pixel intensity of AlexaFluor488-conjugated Tfn was estimated at the indicated time. The values are the mean ± SD of 100--200 cells at 0 min, 300--500 cells at 10 min, and \>50 cells at 30 min. The graph is a representative of three independent experiments. Numbers indicate fold increase of the Tfn intensity at the 10-min time point.](zmk0151095340008){#F8}

DISCUSSION
==========

Here, we have demonstrated that Rab14 interacts with RUFY1, previously identified as a Rab4 effector, and is required for RUFY1 recruitment onto endosomes and efficient recycling of Tfn.

The regions of RUFY1 essential for binding to Rab14 and Rab4 appear to be separated. The difference in binding sites may give rise to the functional variation between Rab14 and Rab4 on endosomes. Indeed, Rab14, but not Rab4, is necessary for the RUFY1 recruitment onto endosomes ([Figure 3](#F3){ref-type="fig"}). Consistent with this, RUFY1(Δ507-517), which is unable to interact with active Rab4, retains its ability to localize to endosomes ([Figure 7](#F7){ref-type="fig"}A; also see [@B5]). RUFY1 has a FYVE domain that mediates interaction with phosphatidylinositol-3-phosphate \[PtdIns(3)P\]; treatment of cells with wortmannin, a PI3K inhibitor, has been shown to prevent endosomal localization of RUFY1 ([@B26]; [@B9]). However, the FYVE domain is dispensable for endosomal localization of RUFY1 ([@B26]; [@B49]; [@B9]), similar to the case of the Hrs FYVE domain ([@B15]). Taken together, these data indicate that Rab14 is the primary determinant of RUFY1 recruitment onto endosomes and that the FYVE domain may help RUFY1 targeting to PtdIns(3)P-enriched early endosomes.

Most Rab4-positive endosomes include Rab14, and 70% of Rab14-positive endosomes includes Rab4 ([Figure 2](#F2){ref-type="fig"}), indicating that Rab14 is distributed more broadly in the endosomal system than Rab4. Some Rab14-positive endosomes possessing RUFY1 are colocalized with most Rab4-positive endosomes, accordingly, Rab14 together with RUFY1 might be prerequisite for Rab4 function. Indeed, the data presented in this study suggest that Rab14 and RUFY1 are involved in Rab4-dependent Tfn recycling ([Figure 8](#F8){ref-type="fig"}).

We also found that enlargement of early endosomes mediated by RUFY1 requires its interaction with Rab4 ([Figure 7](#F7){ref-type="fig"}). In contrast to coexpression of RUFY1 and either Rab14 or Rab4, coexpression of the RUFY1(Δ507-517) mutant did not induce the enlargement of endosomes ([Figure 7](#F7){ref-type="fig"}), supporting that the endosomal expansion can be mainly attributed to the interaction between RUFY1 and Rab4. Although some clustered endosomes were occasionally observed in cells coexpressing the RUFY1(Δ507-517) mutant and either Rab14 or Rab4, most of the endosomes were smaller in size than in cells coexpressing wild-type RUFY1 with Rab14 or Rab4. Thus, the interaction of RUFY1 with Rab4 participates in endosomal clustering and enlargement, possibly by stabilizing RUFY1 on endosomal membranes. On the basis of these data, we propose sequential interactions and a functional relationship among Rab14, Rab4 and RUFY1. First, activated Rab14 recruits RUFY1 onto endosomes, and Rab4 is in turn recruited onto the RUFY1-localizing endosomal microdomains. These sequential interactions may stabilize RUFY1 on endosomal membranes and promote endosomal tethering and fusion.

Rab4 participates in fast recycling of Tfn from early endosomes, and Rab11 is involved in slow recycling from recycling endosomes back to the plasma membrane, ([@B46]; [@B39]). When Tfn was internalized for 5 min and chased for 10 min, the Tfn recycling was delayed in cells depleted of Rab14 or RUFY1 and, to a lesser extent, in Rab4-depleted cells. In contrast, when Tfn was chased for 30 min, internalized Tfn was almost completely recycled back to the cell surface in cells depleted of Rab14, Rab4, or RUFY1, comparable to the recycling observed in the control cells ([Figure 8](#F8){ref-type="fig"}, A and B). These observations together argue that Rab14 and RUFY1 as well as Rab4 are involved in the fast recycling of Tfn from early endosomes.

Several studies indicate that Rab4 is an important player in Glut4 trafficking in adipocytes, skeletal muscle and cardiomyocytes ([@B22]). It has been suggested that RUFY1 and Rab14 also play a role in Glut4 trafficking in adipocytes and muscle cells, respectively ([@B27]; [@B18]). Therefore, it is tempting to speculate that Rab14, RUFY1, and Rab4 might cooperate in Glut4 trafficking as well as Tfn recycling. Moreover, Rab14 has been implicated in phagosome--phagosome fusion or phagosome--early endosome fusion ([@B24]). It is thus an open question whether the ability of Rab14 to enhance fusogenicity is also cooperatively regulated by RUFY1 and/or Rab4.

Our results on the sequential and cooperative regulation of Rab14 and Rab4 through the dual effector, RUFY1, have important implications for signal transition between two different Rab proteins residing on the same compartment. Biochemical and structural dissection of the characteristics of the binding among Rab14, RUFY1, and Rab4, as well as study of the dynamics of Rab14, RUFY1, and Rab4 by live image analysis, will improve our understanding of signal transition between Rab membrane microdomains in subcellular compartments.
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EGFP

:   enhanced green fluorescent protein

PtdIns(3)P

:   phosphatidylinositol-3-phosphate

RNAi

:   RNA interference

Rabip4

:   Rab4 interacting protein

siRNA

:   small interfering RNA

Tfn

:   transferrin

TfnR

:   transferrin receptor

TGN

:   *trans*-Golgi network.
